Clustered regularly interspaced short palindromic repeats (CRISPR) are hypervariable loci widely distributed in prokaryotes that provide acquired immunity against foreign genetic elements. Here, we characterize a novel Streptococcus thermophilus locus, CRISPR3, and experimentally demonstrate its ability to integrate novel spacers in response to bacteriophage. Also, we analyze CRISPR diversity and activity across three distinct CRISPR loci in several S. thermophilus strains. We show that both CRISPR repeats and cas genes are locus specific and functionally coupled. A total of 124 strains were studied, and 109 unique spacer arrangements were observed across the three CRISPR loci. Overall, 3,626 spacers were analyzed, including 2,829 for CRISPR1 (782 unique), 173 for CRISPR2 (16 unique), and 624 for CRISPR3 (154 unique). Sequence analysis of the spacers revealed homology and identity to phage sequences (77%), plasmid sequences (16%), and S. thermophilus chromosomal sequences (7%). Polymorphisms were observed for the CRISPR repeats, CRISPR spacers, cas genes, CRISPR motif, locus architecture, and specific sequence content. Interestingly, CRISPR loci evolved both via polarized addition of novel spacers after exposure to foreign genetic elements and via internal deletion of spacers. We hypothesize that the level of diversity is correlated with relative CRISPR activity and propose that the activity is highest for CRISPR1, followed by CRISPR3, while CRISPR2 may be degenerate. Globally, the dynamic nature of CRISPR loci might prove valuable for typing and comparative analyses of strains and microbial populations. Also, CRISPRs provide critical insights into the relationships between prokaryotes and their environments, notably the coevolution of host and viral genomes.
The dairy industry relies heavily on the use of microbial starter culture systems. Among domesticated bacteria widely used in industrial applications, Streptococcus thermophilus is a key species involved in the acidification of milk and the development of texture in various fermented dairy products (3) . Recent advances in genomics have provided novel insights into the many critical physiological functions carried out by S. thermophilus in fermentation processes (12) . Specifically, unraveling the full genome sequences of three different strains has led to a better understanding of genes involved in acidification, texture development, and flavor enhancement (3, 12, 20) . Also, comparative genomic analyses have identified specific loci involved in particular traits attributed to selected strains and pointed out differential content, notably with regard to exopolysaccharide synthesis and phage resistance (3, 12) . Recent studies have also established a correlation between distinctive genomic content such as clustered regularly interspaced short palindromic repeats (CRISPR) and resistance to phages (2, 4) .
CRISPRs are a peculiar family of DNA repeats widely distributed in Bacteria and Archaea (8, 9, 11, 13, 18) . CRISPR loci usually consist of short and highly conserved DNA repeats, typically 21 to 48 bp, repeated up to 250 times (9) . The repeated sequences, typically specific to a given CRISPR locus, are interspaced by variable sequences of constant and similar length, called spacers, usually 20 to 58 bp depending on the species or the CRISPR locus. Several distinct CRISPR loci can be located on a particular prokaryotic genome (18) ; for example, in Methanocaldococcus jannaschii, 18 distinct CRISPR loci have been identified on the chromosome, totaling almost 1% of the genome (5) . In addition, cas (CRISPR-associated) genes are often present in the direct vicinity of CRISPR loci (8, 11, 14) . Based on similarities between CRISPR spacers and phage or plasmid sequences (4, 21, 23) , it was proposed in the literature that CRISPR and cas genes might be involved in conferring immunity to the host cell against foreign DNA (19, 21) . In the S. thermophilus chromosome, two distinct CRISPR loci have been identified, namely, CRISPR1 and CRISPR2 (3, 4) . Comparative analysis of CRISPR1 sequence between various S. thermophilus strains has revealed polymorphisms (4) . In addition, it was recently reported that CRISPR provides acquired resistance against viruses in prokaryotes, notably in S. thermophilus (2) . This is consistent with the putative CRISPRcas immunity system based on RNA interference (RNAi) proposed by Makarova et al. (19) , although the mechanism of action remains uncharacterized.
The correlation between CRISPR spacer content and phage susceptibility suggests that spacer content might provide a his-torical perspective of phage exposure. Since the CRISPR system is reactive to the environment, it might play a critical role in the adaptation of the host to its surroundings and explain the persistence of particular bacterial strains in ecosystems where phages are present. CRISPRs may also provide insight into the codirected genomic evolution of the phage and its host. Here, we provide a comparative analysis of CRISPR activity and diversity across a collection of S. thermophilus strains. We specifically analyzed the relationship between spacer hypervariability and CRISPR locus activity across three distinct CRISPR loci. In addition, we provide insight into the functional coupling between a given CRISPR repeat and the accompanying cas gene set. Finally, we investigated the various origins of CRISPR spacers and discuss the evolutionary modifications of CRISPR loci in direct response to genetic elements present in the environment, notably bacteriophages and plasmids.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, media, and growth conditions. S. thermophilus strains and their derivatives were grown in M17 broth (Difco) supplemented with 0.5% (wt/vol) lactose and 0.5% (wt/vol) saccharose, followed by incubation at 42°C. For bacteriophage exposure and phage-resistant mutant selection, experiments were carried out according to protocols previously outlined (2, 7) .
DNA sequencing of S. thermophilus CRISPR loci. S. thermophilus genomic DNA was extracted and purified by using a DNeasy Blood & Tissue kit (Qiagen). Prior to sequencing, each CRISPR locus was amplified by PCR with LA-Taq DNA polymerase (Takara/Lonza). PCR amplification of the CRISPR1 locus was performed with the primers yc70 (5Ј-TGCTGAGACAACCTAGTCTCTC-3Ј) (4) and CR1-rev (5Ј-TAAACAGAGCCTCCCTATCC-3Ј). The CRISPR2 locus was amplified by using the primers CR2-fwd (5Ј-TTAGCCCCTACCATAGTG CTG-3Ј) and CR2-rev (5Ј-TTAGTCTAACACTTTCTGGAAGC-3Ј), whereas primers CR3-fwd (5Ј-CTGAGATTAATAGTGCGATTACG-3Ј) and CR3-rev (5Ј-GCTGGATATTCGTATAACATGTC-3Ј) were used for the amplification of CRISPR3. Each PCR product was then subjected to DNA sequencing from each end with the same primers on a CEQ8000 system (Beckman). For long PCR fragments, sequence walking was achieved using internal primers designed in spacer sequences.
Computational analyses. Microbial genome sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov). Also, previously published S. thermophilus CRISPR sequences were retrieved from the National Center for Biotechnology Information, including entries from Bolotin et al. (4) and Barrangou et al. (2) . In addition, the CRISPR database CRISPRdb (9) and the CRISPR identification application CRISPRFinder (10) were used to retrieve and find CRISPR repeats and spacer sequences, respectively. CRISPR spacers were visualized as color combinations, as previously described (2) . For sequence similarity analyses, comparisons to public sequences were carried out using BLASTn (1) at the National Center for Biotechnology Information. Matches to sequences found within S. thermophilus CRISPR loci were ignored, notably for published CRISPR sequences (DQ072985 to DQ073008 and EF434458 to EF434504) and S. thermophilus chromosomal CRISPR loci (CP000023, CP000024, and CP000419). All matches with a bit score above 40.0 were retained, corresponding to 100% identity over at least 20 bp, and only the top hit annotation was considered for classification. Secondary structure predictions were obtained by using the Mfold 3.2 program (26) . Multiple sequence alignments and phylogenetic analyses were carried out by using CLUSTAL X (15) . Sequence consensus motifs were visualized by using WebLogo (6) .
RESULTS
Identification of CRISPR3 in S. thermophilus. Two CRISPR loci, CRISPR1 and CRISPR2, have previously been described in S. thermophilus strains CNRZ1066 and LMG 18311 (3, 4) . The genome sequence of strain LMD-9 was recently determined (20) . We identified a new CRISPR locus, CRISPR3, located at base pair positions 1377794 to 1377229 on the negative strand of the LMD-9 genome, between open reading frames (ORFs) STER_1474 and STER_1473 (Fig. 1A) . In this strain, CRISPR3 is composed of nine identical repeats of a nearly perfect 36-bp palindrome (5Ј-GTTTTAGAGCTGTGT TGTTTCGAATGGTTCCAAAAC-3Ј), interspaced by eight unique spacers of 30 or 32 bp. In addition, four CRISPRassociated (cas) genes-cas5, cas1, cas2, and csn2-are present in the vicinity of CRISPR3, corresponding to ORFs STER_1477 to STER_1474, respectively (Fig. 1A) . Further, sequence analysis of the leader in CRISPR3 revealed that it is different from those typical of CRISPR1 and CRISPR2, with no particular sequence conservation observed, although leader sequence conservation has previously been described (13, 14, 18) . Leader sequences are generally high-A/T, noncoding sequences, conserved within a CRISPR type, located on one side of the CRISPR repeat-spacer units (14, 18) . Surprisingly, the CRISPR3 locus is not present in the genomes of strains CNRZ1066 and LMG 18311, although the overall genome content is highly conserved between the three strains (3, 20) . Nevertheless, one imperfect CRISPR3 repeat can be identified between ORFs str1518/stu1518 (hypothetical gene) and str1519/stu1519 (serB gene) in the genomes of CNRZ1066 and LMG 18311 (Fig. 1B) . A degenerate repeat is also present in the genome sequence of LMD-9, between cas5 (STER_1477) and serB (STER_1478). Interestingly, LMD-9 genome sequences located upstream of CRISPR3 repeats and downstream of the imperfect repeat are highly similar to the sequences found in CNRZ1066 and LMG 18311 in the vicinity of this imperfect repeat, suggesting that a recombination event may have occurred between the terminal CRISPR3 repeat and the imperfect repeat close to serB, potentially leading to the deletion or insertion of a whole CRISPR3-cas segment. Analyses of similar loci in other S. thermophilus strains suggested that alternative recombination events may have also occurred in strain DGCC7984 between the imperfect repeat close to serB and another CRISPR3 repeat, leading to the presence at this chromosomal locus of a repeat-spacer region without cas genes (Fig. 1C) . In S. thermophilus strain DGCC7857, the chromosomal region between serB and ycxC is even more reduced, since neither cas genes nor the repeat-spacer region nor str1518 is present (Fig. 1D ). An additional 50-bp segment of ISL3-related sequence can be identified at the junction of ycxC and serB adjacent sequences (Fig. 1D) .
Overall, we investigated the occurrence of CRISPR3 in 66 strains and found this locus in 53 of them (80%). Specifically, among the four different structures documented (Fig. 1) , we identified structure A (Fig. 1A ) in 52 strains and structure B (Fig. 1B ) in 12 strains, whereas structures C (Fig. 1C) and D (Fig. 1D) were each found in only one strain.
Activity of CRISPR loci. We propose that CRISPR activity be defined as the ability of a CRISPR locus to integrate novel repeat-spacer units in response to exposure to foreign genetic elements, such as bacteriophage, to provide resistance.
CRISPR1 activity in S. thermophilus has been demonstrated previously (2) . Here, we provide additional experimental data showing novel spacer acquisition after exposure to bacteriophage in four different strains, as shown on Fig. 2 . Specifically, novel spacers are observed on lines 4 to 6 and lines 9 to 18 for strain DGCC7710, lines 24 to 26 for strain DGCC7778, lines 39 to 44 for strain LMD-9, lines 52 to 55 for strain SMQ-301, after exposure to a variety of bacteriophage.
We also investigated the ability of CRISPR3 to integrate novel spacers after phage challenge in phage-resistant mutants. We isolated bacteriophage-insensitive mutants (BIMs), derived from either DGCC7710 or LMD-9, after challenge with phage ⌽858, ⌽3821, or ⌽4241 (Fig. 2) . For LMD-9, two BIMs with one novel CRISPR3 spacer each were obtained after exposure to ⌽4241 (see Fig. 2 , lines 45 to 46). For DGCC7710, one BIM was obtained with two new CRISPR3 spacers after exposure to ⌽3821 (see Fig. 2 , line 29). Also, for DGCC7710, a mutant was obtained with one new CRISPR3 spacer after exposure to ⌽858, derived from a strain (DGCC7710 ⌽858 ϩS1S2 ⌬ CRISPR1) where the whole CRISPR1 locus was deleted and replaced by a unique terminal repeat (2) (see Fig. 2 , line 30). The addition of new spacers in response to phage infection was polarized toward the leader end of the CRISPR3 locus. This shows that CRISPR3, in addition to CRISPR1, has the ability to integrate novel spacers during the natural generation of phage-resistant mutants.
Overall, a total of 41 distinct CRISPR BIMs were isolated, including 37 for CRISPR1, none for CRISPR2, and 4 for CRISPR3. Accordingly, it appears that CRISPR1 has the highest ability to integrate novel spacers in response to phage exposure, followed by CRISPR3, whereas we have no evidence that CRISPR2 is active.
CRISPR repeats are locus specific. Three distinct CRISPR loci have now been identified in S. thermophilus and may be simultaneously present on the chromosome, as is the case in LMD-9 (20) . Usually, each CRISPR locus is defined by the sequence of the repeat. We define the typical repeat as the most frequent repeat within a CRISPR locus. The typical repeat sequences of the three S. thermophilus CRISPR loci are different (Table 1) , although they all are 36 bp long. Sequence comparison between the three typical repeats showed that CRISPR1 and CRISPR2 share 30.6% identity, while CRISPR1 and CRISPR3 are 52.8% identical, and CRISPR2 and CRISPR3 share 47.2% nucleotides.
Sequence comparison within each CRISPR locus showed that, although the repeat sequence is usually highly conserved throughout the locus, polymorphisms can be observed, notably for the terminal repeat (Table 1) . Specifically, sequence degeneracy is observed at the 3Ј end of the terminal repeat. This observation is particularly important for the correct annotation and orientation of CRISPR loci, since the last spacer/repeat unit, including the terminal repeat, which is usually degenerate, is often missed, or the repeats are frequently annotated on the opposite DNA strand. The repeat orientation appears to be consistent with the orientation of adjacent cas genes. In addition, variations within the repeat sequence can be observed throughout a CRISPR locus. The ratios of atypical repeats were 0.3% for CRISPR1, 25% for CRISPR2, and 0.2% for CRISPR3 ( Table 1 ), indicating that repeat sequence degeneracy was much higher for CRISPR2, while CRISPR1 and CRISPR3 seemed to possess highly conserved repeat sequences. Interestingly, for CRISPR3, no polymorphism was observed in the terminal repeat.
CRISPR repeats may form secondary structures. Previous studies have suggested that CRISPR repeats may form stable hairpin-like secondary structures due to their partially palindromic nature (13, 16) . Moreover, CRISPR loci appear to be transcribed as a single-stranded RNA molecule starting from the CRISPR leader (18, 22, 25) . Accordingly, as transcription is progressing, two consecutive single-stranded CRISPR repeats may conceivably be able to interact and form secondary structures by pairing head to foot, giving rise to an even more stable structured RNA.
We determined the putative secondary structures of the three S. thermophilus CRISPR repeats by using the Mfold program (26) , as shown in Fig. 3A . These hypothetical structures seem relatively stable (⌬G Ͻ Ϫ10 kcal mol Ϫ1 ), notably for CRISPR3 paired repeats. In the case of CRISPR3, the pairing of two repeats is nearly perfect and does not, overall, require shifting one repeat compared to the other. In contrast, the pairing of two CRISPR1 repeats results in four unpaired nucleotides at the 5Ј end and one unpaired nucleotide at the 3Ј end. The pairing of two CRISPR2 repeats appears to be more questionable since the default parameters of the Mfold program did not result in any secondary structure; to obtain the structure shown on Fig. 3A , the pairing of eight nucleotides of the major stem had to be forced. As previously discussed, repeat sequence is subject to discrete variations, which might slightly affect the stability of such putative structures.
Interestingly, assuming transcription of the whole CRISPR locus as a single-stranded RNA molecule, and if such a pairing between consecutive repeats would occur, every-other spacer would be constrained as a loop, whereas the remaining spacers would remain unconstrained, alternatively (Fig. 3B) . cas genes are locus specific. The three S. thermophilus CRISPR loci are associated with cas genes. For CRISPR1 and CRISPR3, the architecture is seemingly conserved, with four cas genes located upstream of the repeat-spacer region (Fig.  4) . In contrast, the content and organization for CRISPR2 is different, with hypothetical cas genes on both sides of the repeat-spacer region. Notably, in the genome of CNRZ1066, several CRISPR2 elements appear to be deleted, including the latter portion of the leader, the complete repeat-spacer region, as well as cas6, csm1, and most of csm2.
Although gene organization is similar between CRISPR1 and CRISPR3, sequence similarity is low, even at the protein level, as shown on Fig. 4 . Interestingly, cas1 seems to be the only gene conserved between the three loci, with 22% similarity at the protein level between CRISPR1 and CRISPR2. The relatedness of the three cas systems is similar to that of the three CRISPR repeats, whereby CRISPR1 and CRISPR3 are more closely related, and CRISPR2 is more distant. Coupling CRISPR repeats/cas genes. Since we observed a correlation between the relatedness of cas genes and CRISPR repeats within S. thermophilus, we investigated whether there was a relationship between CRISPR repeats and cas genes across bacterial species. Across a variety of species, the clustering of the typical CRISPR repeats was similar to that of the Cas proteins (Fig. 5) , which is consistent with previous observations by Kunin et al. (16) , showing a correspondence between CAS subtypes and repeat clusters in prokaryotes. Specifically, CRISPR1 appeared to be present only in a few streptococcal species such as S. thermophilus, Streptococcus vestibularis, and Streptococcus suis. CRISPR3 seemed to be present across most Streptococcus species (including S. agalactiae, S. mutans, S. pyogenes, and S. thermophilus) and also in other genera, including Listeria and Enterococcus. CRISPR2, which is only present in one other Streptococcus species, namely, S. sanguinis, is also present in several mycobacteria (4) and Staphylococcus epidermidis. Additional information regarding the presence of the three S. thermophilus CRISPR loci in various genera and species is available (see Table S1 in the supplemental material).
Comparative analysis of the trees obtained revealed similar clustering patterns (Fig. 5) , with different clusters for each CRISPR locus, namely, CRISPR1, CRISPR2, and CRISPR3. Sequence alignments are provided in supplementary material (see Fig. S1 in the supplemental material). CRISPR1 consistently clusters with S. suis, while CRISPR2 consistently clusters with S. sanguinis and CRISPR3 consistently clusters with S. mutans, S. agalactiae, and S. pyogenes. Although the trees were based on widely different element sizes (the repeat size varied between 32 and 37 bp, while the cas tree was generated using concatenated Cas protein sequences, which varied between 1,628 and 3,029 amino acids), the congruence between them is relatively high. This observation suggests a potential coevolution of the cas genes and the CRISPR repeats, perhaps indicating a functional link between the two.
Spacer diversity in S. thermophilus CRISPR loci. We investigated CRISPR spacer diversity across a variety of S. thermophilus strains (Fig. 2) . A total of 124 strains were partially analyzed ( Table 2) . For CRISPR1, all 124 tested strains contained this locus, indicating that it is likely ubiquitous in S. thermophilus. A total of 105 unique spacer arrangements were found, with an average number of 23 spacers per locus, and a spacer number between 2 and 51. For CRISPR2, 65 strains were analyzed, and among the 59 strains containing a CRISPR2 locus (91%), only seven unique spacer arrangements were observed, with an average number of three spacers per locus, and a spacer number between zero and eight. For CRISPR3, 66 strains were analyzed, and among 53 strains containing a CRISPR3 repeat-spacer region (80%), 20 unique spacer arrangements were observed, with an average number of 13 spacers per locus, and a spacer number between 0 and 29. Although differences were observed at the three CRISPR loci, the highest degree of polymorphism occurred at the CRISPR1 locus, followed by CRISPR3. Specifically, the relative proportions of unique arrangements were 84.7, 11.2, and 37.7% for CRISPR1, CRISPR2, and CRISPR3, respectively. Further, all strains showing differences at the CRISPR2 locus also had different CRISPR1 spacer combinations. Similarly, all strains showing differences at the CRISPR3 locus had different CRISPR1 locus, except for the four phage-resistant CRISPR3 mutants mentioned above. Overall, CRISPR1 showed the most diversity among the three CRISPR loci, followed by CRISPR3.
The identification of arrays of common consecutive spacers allowed the grouping of different S. thermophilus strains into clusters (Fig. 2) . In general, identical spacers between different strains or subclusters occur more frequently at the 3Ј end (the trailer end) of the CRISPR1 locus. In contrast, for strains clusters sharing most of their spacers, hypervariability is more frequently visible at the 5Ј end (the leader end) of the locus. Accordingly, the spacers located at the trailer end of the CRISPR loci can be used to anchor clusters of strains. In some cases, the spacers located at the trailer end of the loci are actually common to divergent strain groups that may be derived from a common ancestor. For instance, strains shown on lines 1 to 29 and lines 31 to 36 (Fig. 2 ) may be two subgroups derived from a common ancestor. Also, strains shown on lines 37 to 50 and lines 54 to 57 are likely derived from a parental strain and probably diverged after the integration of the 10 spacers they have in common. Similarly, strains shown on lines 74 to 80 and lines 82 to 87 may also be two subgroups derived from a common parental strain and likely have diverged after the integration of the first five spacers they share. Accordingly, comparison of CRISPR spacer arrangements between different strains, within and across the three CRISPR loci clearly provides insight into the relatedness of various S. thermophilus strains. Within a particular CRISPR locus, beside the diversity derived from the presence of additional spacers, we also observed probable deletions of select spacers. For spacer additions, it was previously reported that integration of novel spacers primarily occurs at the leader end of CRISPR1 (2, 23) , which is consistent with the diversity observed at the leader end of the CRISPR1 locus in several clusters (Fig. 2) , specifically for strains shown on lines 1 to 29, 37 to 57, and 69 to 73. Also, a similar pattern of polarized spacer acquisition after bacteriophage challenge was observed for CRISPR3 in BIMs derived from LMD-9 and DGCC7710 (see the strains on lines 29 and 30 and lines 45 and 46 in Fig. 2) . In addition to the polarized integration of novel spacers, differences were also observed in several strains that appeared to be missing consecutive internal spacers. For most of the strain clusters shown on Fig. 2 , it appears that deletions occurred, resulting in the loss of internal spacers, more frequently toward the trailer end of the loci. Interestingly, while both polarized addition of new spacers and deletion of vestigial spacers were observed, it was recently reported that internal addition of novel spacers can occur simultaneously with internal deletion of vestigial spacers (7) .
A total of 3,626 spacers (2,829 for CRISPR1, 173 for CRISPR2, and 624 for CRISPR3) were analyzed ( Fig. 2 and Table 2 ), including previously described S. thermophilus CRISPR spacers (2) (3) (4) 20) . Globally, 952 unique spacers were identified (26%), including 782, 16, and 154 spacers for CRISPR1, CRISPR2, and CRISPR3, respectively. Accordingly, most of the unique spacers are present in CRISPR1 (82%), while very few are found in CRISPR2 (Ͻ2%), which further indicates that CRISPR1 showed the most diversity among the three CRISPR loci, followed by CRISPR3 (16%). Overall, the degree of polymorphism was highest for CRISPR1, in terms of unique spacers, unique spacer combinations, and average spacer content.
In addition, spacer polymorphisms were also observed with regard to spacer size. Specifically, analysis of the spacer size distribution indicated that variability was lower for CRISPR1 and CRISPR3 than for CRISPR2 (Fig. 6) . The typical spacer size was 30 bp with ranges of 28 to 32 bp for CRISPR1 and 29 to 32 bp for CRISPR3, whereas the typical spacer size was 37 bp with a range of 35 to 40 bp for CRISPR2. In addition, the proportions of spacers of typical size were 87% (680 of 782), 31% (5 of 16), and 92% (141 of 154), for CRISPR1, CRISPR2, and CRISPR3, respectively. Analysis of CRISPR spacer sequences. We analyzed the CRISPR spacer sequences and investigated similarity and identity to phage, plasmid, and bacterial sequences (see Table  S2 in the supplemental material). A total of 952 unique spacer sequences were analyzed, including 782, 16, and 154 spacers for CRISPR1, CRISPR2, and CRISPR3, respectively. Overall, among the 500 spacers with matches above the selected cutoff (see Materials and Methods), 384 (77%) showed similarity to viral sequences, whereas 80 (16%) showed similarity to plasmid sequences, and 36 (7%) showed similarity to chromosomal sequences (Table 3) . Among CRISPR spacers homologous to viral sequences, the large majority (97% [374 of 384]) showed similarity to S. thermophilus phage sequences, including 147 spacers (39%) showing 100% identity. For CRISPR spacers showing similarities with plasmid sequences, nearly all of them (96% [77 of 80]) showed similarity to S. thermophilus plasmid sequences, including 41 spacers (51%) showing 100% identity. In contrast, only four CRISPR spacers (11% [4 of 36]) showed identity to S. thermophilus chromosomal sequences. Spacers identical to known sequences are particularly insightful, since it was previously shown that 100% identity between spacer and proto-spacer sequences is required to provide immunity (2, 7).
Nevertheless, other similarities provide insight into the probable origin of the spacers.
Several matches were found across particular S. thermophilus phage genomes (see Table S2 in the supplemental material), notably phages 2972, DT1, 7201, Sfi11, Sfi19, and Sfi21 (17) . As previously reported, no particular phage genome module seemed to be targeted, and similarities were observed across the genome, on both strands, with a bias toward the leading strand (2, 7, 17) . Also, we investigated the occurrence of the spacer sequences in bacterial sequences, outside of CRISPR loci. Interestingly, the spacers showed identity to sequences found in 27 different S. thermophilus plasmids, notably several matches in pSt08, pt38, pSt106, pSt1, and pND103. In some cases, spacers showed identity to genes involved in plasmid replication, notably repA and repS, as is the case for spacer 059_1_01 (see Table S2 in the supplemental material), which showed identity to sequences found in pND103, pSt1, pt38, pER36, pER35, pER16, and pJ34. Interestingly, most of these plasmids, which are found in a variety of S. thermophilus strains, belong to the same family, namely, the pC19/pUB1104 rolling-circle family (24) .
Further, three CRISPR1 spacers and one CRISPR3 spacer showed 100% identity to S. thermophilus chromosomal sequences, notably in dtpT (encoding a di-or tripeptide proton symporter), rexA (encoding an ATP-dependent exonuclease), and str_0775 (phage-associated DNA primase), as well as a match in an intergenic region between STER_0810 (hypothetical protein) and STER_0811 (transposase).
Interestingly, a number of similarities were observed with sequences found in closely related genera, including Lactococcus, Lactobacillus, and Staphylococcus (see Table S2 in the supplemental material). For phage sequences, similarities were found in Staphylococcus aureus phage Twort and Lactobacillus plantarum phage LP65. For plasmid sequences, similarity was 
DISCUSSION
In addition to the two CRISPR loci previously described in S. thermophilus (3), we report here the identification of CRISPR3 in the LMD-9 genome (20) . Interestingly, this particular CRISPR locus is not ubiquitous in S. thermophilus genomes. Between the three CRISPR loci present in S. thermophilus genomes, diversity is observed at many levels, including (i) the typical CRISPR repeat sequence; (ii) the cas gene content, organization, and sequence; (iii) locus architecture and content; and (iv) spacer content, arrangement, and sequence. Diversity was observed across the three CRISPR loci between 124 different S. thermophilus strains. Specifically, CRISPR1 was ubiquitous, whereas CRISPR2 was present in 59 of 65 strains, and CRISPR3 was present in 53 of 66 strains. A total of 49 strains (39.5%) carried all three loci.
Comparative genome analysis of CRISPR content in streptococci and various bacterial genera and species indicates that the three S. thermophilus CRISPR loci are distributed differently. Notably, CRISPR1 is present in only a few streptococci, whereas CRISPR3 can be found in most Streptococcus species. The distribution of these three CRISPR loci suggests that CRISPR1 may have recently become more specific to a few streptococcal species, whereas CRISPR3 is more widespread across streptococci, and CRISPR2 may be a vestige of a grampositive ancestor. This is consistent with the absence of CRISPR2 and/or CRISPR3 in various S. thermophilus strains. In fact, detailed sequence analysis of distinct CRISPR3 locus architectures in various S. thermophilus strains suggests that deletions may have occurred via homologous recombination events involving CRISPR3 repeats, likely including the degenerate repeat in the vicinity of serB (Fig. 1) .
When equivalent CRISPR loci between strains are compared, a high degree of polymorphism is observed for spacer content and sequences. Specifically, 105 of 124, 7 of 59, and 20 of 53 unique spacer arrangements were observed for CRISPR1, CRISPR2, and CRISPR3, respectively. This indicates that the overall CRISPR content was unique in most strains. Perhaps the polymorphisms observed in the spacer contents of the three CRISPR loci across different S. thermophilus strains are an indicator of the activity of the locus, whereby spacer hypervariability is directly correlated with historical phage exposure. Arguably, the degree of spacer polymorphism, in terms of both total number of unique spacers and total number of unique spacer arrangements, for a given CRISPR locus, could be directly correlated with its activity. Consequently, we propose that in S. thermophilus CRISPR1 is the most active locus, followed by CRISPR3. This is supported by several observations: (i) repeat degeneracy seems to correlate with relative activity, whereby the most degenerate repeats are found in the least active locus, namely, CRISPR2; (ii) spacer size is more highly conserved in the most active loci, namely, CRISPR1 and CRISPR3, and least conserved in the least active locus, namely, CRISPR2; (iii) the average and maximum numbers of spacers are highest for CRISPR1 and lowest for CRISPR2; and (iv) the number of CRISPR BIMs obtained is higher for CRISPR1 than CRISPR3.
Previous data have suggested that the enzymatic machinery of a specific locus cannot be effective in conjunction with the CRISPR genetic content of another (2) . Specifically, when cas genes are inactivated in a particular CRISPR locus, the ability of this locus to provide resistance and integrate novel spacers is lost, despite the concurrent presence of other CRISPR loci and cas genes elsewhere in the chromosome (2) . Here, we provide data indicating that each CAS system may be directly linked to a particular CRISPR repeat sequence, which is consistent with the observed comparable clustering of CRISPR repeats and Cas sequences (Fig. 5) , as previously suggested by Kunin et al. (16) . Further studies investigating the mechanism of action of CRISPRs are currently under way and might provide insights into the roles of the various cas genes and the functional link between specific Cas proteins and a particular CRISPR repeat. Among Cas proteins, some are likely involved in the addition of novel repeat-spacer units, via a molecular interaction with CRISPR repeats. Other Cas proteins are likely involved in the spacer-encoded resistance, which may be mediated via a RNAi-like mechanism (19) . These Cas proteins probably include at least one nuclease which might recognize and digest a specific target sequence. This is supported by the recent discovery of a highly conserved motif, which we propose to name CRISPR motif, immediately downstream of the proto-spacers found in phage sequences (7) . For CRISPR1, the AGAAW CRISPR motif located two nucleotides downstream of the proto-spacer might serve as a recognition site for a CRISPR1-specific Cas nuclease (Fig. 7) . A different CRISPR motif was also identified for CRISPR3 (Fig. 7) , GGNG, located one nucleotide downstream of the proto-spacer, which suggests again that each CRISPR locus has a unique CRISPR motif which may serve as a sequence recognition pattern, specific to a particular Cas enzymatic machinery. Further, CRISPR motifs may serve as additional elements to define a particular CRISPR/Cas system.
We have shown that two distinct CRISPR loci, namely, CRISPR1 and CRISPR3 have the ability to evolve directly in response to phages by the polarized addition of new spacers derived from viral genomic sequences. Accordingly, CRISPR spacers provide a historical perspective of phage exposure, whereby spacers present in the vicinity of the leader were relatively recently added, whereas distal spacers likely originated from previous events.
In addition to CRISPR variability due to the acquisition of novel spacers in response to phages, primarily at the leader end, we noticed that modifications can occur throughout the CRISPR locus, as seen in DGCC7710 ⌽2972 ϩS15 (7) , where a deletion occurred concomitantly with the insertion of a new spacer at the leader end (Fig. 2) . Specifically, most of the variability observed at the trailer end of the locus seems to occur via deletion (Fig. 2) , arguably resulting in the preferential deletion of older spacers, which are likely less valuable for the bacterium in its current environment. This phenomenon is probably due to homologous recombination events occurring between CRISPR direct repeats. On the other hand, spacers recently acquired may be more valuable and thus more likely to be retained in the current environment. In some instances, peculiar spacers seem to be retained between seemingly distant strains, perhaps indicating that they provide a critical function (Fig. 2) , such as targeting a conserved phage sequence. Altogether, CRISPR loci seem to evolve both through additions and deletions of repeat-spacer units.
Similarities between CRISPR spacers and phage or plasmid sequences have been documented previously (2, 4, 21, 23) . Although the majority of CRISPR spacers shows homology to phage (77%) and plasmid (16%) sequences, we identified four CRISPR spacers that are 100% identical to S. thermophilus chromosomal gene sequences, including dtpT and rexA. This might indicate that the CRISPR/Cas system, in addition to providing resistance against foreign genetic elements such as plasmids and phages, may also serve as a microbial regulatory system involved in the control of mRNA transcripts levels for genes encoded on the chromosome, perhaps using a system based on RNAi, as previously suggested (19) .
Overall, the dynamic nature of CRISPR loci is potentially valuable for typing and comparative analyses of strains and microbial populations. Given that some loci are relatively active while others bear lower levels of polymorphism, the potential of a given CRISPR locus for typing and epidemiological studies has to be assessed on a case-by-case basis. Since CRISPRs are widely distributed in Bacteria and Archaea and actively involved in an adaptive immune system against foreign genetic elements, as well as intrinsic chromosomal elements, they provide critical insights into the relationships between prokaryotes and their environments, notably the coevolution of host and viral genomes. 
